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The etiology of childhood cancers remains largely unknown, especially regarding environmental and behavioral risk factors. Unpacking the association between socioeconomic status (SES) and incidence may offer insight into such etiology. We tested associations between SES and childhood cancer incidence in a population-based casecohort study (source cohort: Minnesota birth registry, 1989-2014). Cases, ages 0-14 years, were linked from the Minnesota Cancer Surveillance System to birth records through probabilistic record linkage. Controls were 4:1 frequency matched on birth year (2,947 cases and 11,907 controls). We tested associations of individual-level (maternal education) and neighborhood-level (census tract composite index) SES using logistic mixed models. In crude models, maternal education was positively associated with incidence of acute lymphoblastic leukemia (odds ratio (OR) = 1.10, 95% confidence interval (CI): 1.02, 1.19), central nervous system tumors (OR = 1.12, 95% CI: 1.04, 1.21), and neuroblastoma (OR = 1.15, 95% CI: 1.02, 1.30). Adjustment for established risk factors-including race/ ethnicity, maternal age, and birth weight-substantially attenuated these positive associations. Similar patterns were observed for neighborhood-level SES. Conversely, higher maternal education was inversely associated with hepatoblastoma incidence (adjusted OR = 0.70, 95% CI: 0.51, 0.98). Overall, beyond the social patterning of established demographic and pregnancy-related exposures, SES is not strongly associated with childhood cancer incidence. childhood cancer incidence; multilevel methods; socioeconomic status Abbreviations: ALL, acute lymphoblastic leukemia; CI, confidence interval; CNS, central nervous system; OR, odds ratio; SES, socioeconomic status.
Socioeconomic status (SES) is consistently linked to a range of health outcomes in children and adults including many adulthood cancers (1) (2) (3) . SES may also be associated with childhood cancer incidence, operating through various mechanisms at both the individual and area levels. Individual-level SES may influence incidence through mediators such as parental occupational exposures, dietary patterns, infectious agents, family reproductive decisions (such as maternal age and family size), and birth outcomes such as birth weight (4, 5) . SES may also operate as a mediator of other preceding demographic social determinants of health including foreign birthplace or race/ ethnicity (4, 6) . For example, a recent study reported lower risk of several cancers among Hispanic children of foreign-born mothers compared with US-born mothers (6) . Area-level SES may independently influence risk through mediators such as environmental pollutants and toxins, infectious agents, and social norms regarding lifestyle behaviors (7, 8) . Therefore, indepth knowledge of the association between SES and childhood cancer risk may provide etiologic insight into the role of environmental and behavioral exposures, particularly given that exogenous causes of childhood cancer are not well understood.
Empirical evidence of an association between SES and childhood cancer incidence remains limited and inconclusive. While ecological findings from international and within-country smallarea studies suggest a positive association between higher SES and incidence of some childhood cancers (7, (9) (10) (11) (12) , individuallevel studies largely report null associations (13) (14) (15) (16) (17) (18) . However, there are several limitations to previous work conducted at the individual level. First, studies have predominantly focused on childhood leukemia due to its higher incidence and suspected infectious etiology (19) (20) (21) . Given that different cancers likely have different etiologies (22) , it is important to investigate associations of SES with other nonleukemic cancers. Second, a case-control study design is commonly used to test associations between SES and incidence due to the rarity of childhood cancers. Because controls in studies requiring active participation tend to be higher SES than the source population of interest (23) , participation-based case-control studies can produce biased estimators. Third, established risk factors associated with SES, such as birth weight and maternal age (4), have not been consistently controlled for across studies. This hinders cross-study comparisons and potentially obscures underlying mechanisms contributing to a SES association. Finally, to our knowledge, no study has used multilevel methods to test for independent associations of SES at the individual and small-area levels. Without a multilevel approach, it is possible that SES at one level is merely a proxy for SES at another level, thus masking etiology. In this study, we address these limitations by leveraging registry data in a population-based case-cohort study. We assessed SES at both the individual and neighborhood levels, and we accounted for established demographic and pregnancy-related risk factors that may confound or mediate associations between SES and childhood cancer incidence.
METHODS

Study population
We ascertained cases, diagnosed at ages 0-14 years, from the Minnesota Cancer Surveillance System, which is estimated to have 99.7% cancer case completeness and 96.5% overall data accuracy (24) . We restricted our sample to cases born between 1989 (when residential addresses were first recorded on birth certificates) and 2014, with a linked Minnesota birth record (86%). Records were linked based on first and last name, date of birth, and social security number (when available) through probabilistic record linkage using LinkPlus software (25, 26) . We then implemented a case-cohort study design in which we randomly sampled 4 controls per case, frequency matched on birth year, from the Minnesota birth registry without regard to case status (27) . To rule out children with higher-penetrance genetic syndromes (28, 29) , we excluded 20 cases and 5 controls with Down syndrome recorded on the birth record and 11 cases with multiple primary tumors, resulting in a final analytical sample of 2,947 cases and 11,907 controls (n = 14,854). This study was approved by the institutional review board at the University of Minnesota.
Outcome
We assessed incidence of combined (all cancer diagnoses) and individual types of childhood cancer. We evaluated the major types of childhood cancer based on the International Classification of Childhood Cancer, Third Edition, including acute lymphoblastic leukemia (ALL), acute myeloid leukemia, lymphomas, combined central nervous system (CNS) tumors, neuroblastoma, retinoblastoma, Wilms tumor, hepatoblastoma, and rhabdomyosarcoma (30) . Bone sarcomas and germ-cell tumors were not assessed individually because these cancers are most common in adolescents (22) .
Measures of SES
Individual-level SES. We used maternal education to measure individual-level SES. The validity of using maternal education as a measure of childhood SES has been demonstrated previously (31, 32) , and it is commonly used as a reliable measure of SES in US birth registry studies (33) . Between 1989 and 2010, maternal education was recorded on birth certificates as years of schooling, ranging from 0 to 17. Beginning in 2011, education was recorded as highest degree earned, ranging from 8th grade or less to doctorate/professional degree. We grouped education into 4 categories to ensure sufficient sample size and consistency across years: <12 years of schooling or less than high-school diploma; 12 years of schooling or high-school diploma; 13-15 years of schooling or some college or associate degree; or ≥16 years of schooling or bachelor degree or higher. After confirming linearity (Web Figure 1 , available at https://academic.oup.com/ aje), we modeled education ordinally.
Neighborhood-level SES. Residential addresses were abstracted from birth records and geocoded to census tracts using normalized 2010 geographic boundaries (34) , which allows for cross-decade comparisons. Normalization was performed by Geolytics and available via the Neighborhood Change Database (35) . We created a composite SES index derived from the first component score from a nationwide principal-components analysis (36) of 5 tract-level US Census variables: % poverty, % on welfare or public assistance, % aged ≥16 years unemployed, % femaleheaded households with children, and % aged ≥25 years with less than a high-school education (37, 38) . A separate principalcomponents analysis was performed for each decade (38) , and indices were highly correlated across decades (Pearson ρ = 0.81-0.93). We confirmed linearity (Web Figure 1) and standardized index scores so that a 1-unit change equated to 1 standard deviation (range = −7.3-1.5); higher values indicate higher neighborhood SES.
Statistical analysis
We compared demographic, socioeconomic, and pregnancyrelated characteristics of cases and controls using Pearson's χ 2 test for categorical measures and the 2-sample t test for continuous measures. To untangle associations of SES and childhood cancer incidence (combined and by individual type), we tested logistic mixed models with a random intercept for clustering within census tracts. Intraclass correlations estimated from unimputed bivariate logistic mixed models revealed minimal tract-level clustering across cancer subtypes (intraclass correlation < 0.08), except rhabdomyosarcoma (intraclass correlation = 0.29), although intraclass correlations for rare outcomes may be unreliable (39) . We tested 2 sets of models, one specifying maternal education as the primary predictor ("A" models), the other specifying neighborhood SES as the primary predictor ("B" models). Model 1 tested bivariate associations between SES and childhood cancer incidence. Model 2 tested these associations, adjusting for maternal race/ethnicity (non-Hispanic white vs. other). Model 3 further adjusted for maternal age (years) (4, 40) , live-birth order (first-born vs. higher) (4, 41), birth year (4), and sex (4). Model 4 further adjusted for birth weight (grams; values <350 grams considered implausible and recoded to missing) (4, 42) and gestational age (weeks; values <20 or >45 weeks considered implausible and recoded to missing) (4, 43) . Finally, model 5 tested the independent association of SES at each level of exposure by simultaneously fitting models with both maternal education and neighborhood SES, along with all other previously specified covariates.
To further characterize the utility of covariate adjustment in studies of childhood cancer etiology, we tested additional models probing associations between SES and established demographic and pregnancy-related risk factors. First, for cancers in which covariate adjustment attenuated SES associations, we tested trivariate models of SES predicting cancer incidence, adjusting for each covariate, previously specified in model 4, one at a time. We then calculated the percentage change in SEScancer estimates between bivariate (model 1) and trivariate models (% change = (β bivar -β trivar )/β bivar ). Second, to assess the utility of adjusting for SES in prediction models, we compared associations between cancer incidence and previously established risk factors including race/ethnicity, maternal age, birth weight, gestational age, and birth order estimated from models fully adjusting for all covariates including SES, to estimates from models adjusting for all covariates except SES.
Complete data were available for 95% of our sample, and the proportion of missing data was <3% for any given variable (Table 1) . Nevertheless, we used multiple imputation by chained equations to impute missing data for all variables (44) . Statistical significance was tested using 2-sided hypothesis tests (P < 0.05). Multiple imputation and analyses were performed using Stata, version 14.2 (StataCorp LP, College Station, Texas) (45) .
RESULTS
Descriptive characteristics of cases and controls are compared in Table 1 . Cases were more likely to be male, have higher birth weight, and exhibit slightly shorter gestation compared with controls. Mothers of cases were older, had higher education levels, and were more likely to be non-Hispanic white than controls. Cases had higher neighborhood SES than controls. Descriptive characteristics by cancer type are available in the supplemental materials (Web Table 1 ). Variable correlations are available in the supplemental materials (Web Table 2 ); the 2 SES measures displayed moderate correlation (Spearman ρ = 0.35).
In Table 2 , we present associations between maternal education and childhood cancer incidence. In crude model 1A, a 1-step increase in maternal education (e.g., from high-school graduate to some college) was associated with an 8% increase in risk of combined childhood cancers (odds ratio (OR) = 1.08, 95% confidence interval (CI): 1.04, 1.13). Unadjusted positive associations with higher maternal education were also observed for ALL (OR = 1.10, 95% CI: Wilms tumor (OR = 1.15, 95% CI: 1.00, 1.32). After adjusting for race/ethnicity (model 2A) and pregnancy-related risk factors (models 3A and 4A), these associations were attenuated towards the null. Adjustment for neighborhood SES (model 5A) did not further alter estimates. An elevated odds ratio was also observed for maternal education predicting retinoblastoma incidence, although confidence intervals were wide (e.g., model 5A, OR = 1.25, 95% CI: 0.94, 1.65). Conversely, we found an inverse association between higher SES and hepatoblastoma incidence. In crude model 1A, a 1-step increase in maternal education was associated with a 28% reduced risk of hepatoblastoma (OR = 0.72, 95% CI: 0.54, 0.94). This association was robust to comprehensive covariate adjustment (model 5A OR = 0.70, 95% CI: 0.51, 0.98). An inverse, although less pronounced, association was also observed between higher maternal education and rhabdomyosarcoma incidence (model 5A OR = 0.77, 95% CI: 0.59, 1.00).
For cancers in which the SES association was substantially attenuated by covariate control (combined, ALL, lymphomas, CNS tumors, neuroblastoma, Wilms tumor), we further investigated which of the established risk factors accounted for associations (Table 3) . Adjustment for race/ethnicity reduced the estimated association between maternal education and cancer incidence by more than 10% for combined and individual childhood cancers except lymphomas (6%); the largest reductions were observed for combined childhood cancers (30%), Wilms tumor (46%), and CNS tumors (50%). Adjustment for maternal age reduced the maternal education association by >10% for combined childhood cancers (20%), ALL (18%), and lymphomas (20%); adjustment for birth weight reduced the association by >10% for ALL (12%) and Wilms tumor (13%); and adjustment for birth year reduced the association by >10% for neuroblastoma (19%). Individual adjustment for gestational age, birth order, and sex did not substantively alter maternal education associations.
We then evaluated associations between neighborhood SES and childhood cancer incidence (Table 4) . In crude models (model 1B), higher neighborhood SES was positively associated with incidence of combined childhood cancers (OR = 1.09, 95% CI: 1.04, 1.14), ALL (OR = 1.10, 95% CI: 1.01, Abbreviations: CI, confidence interval; CNS, central nervous system; OR, odds ratio. a P values estimated from a logistic mixed model with a random intercept for census tract clustering using a 2-sided hypothesis test. b Compared the β coefficients for maternal education predicting cancer incidence estimated from bivariate and trivariate models (i.e., β bivar − β trivar /β bivar ). c Equal to model 1A in Table 2 . d Equal to model 2A in Table 2 . e Random intercepts dropped from models 1A-3A due to nonconvergence from zero-value intraclass correlations. 
1.20)
, lymphomas (OR = 1.14, 95% CI: 1.01, 1.30), and CNS tumors (OR = 1.18, 95% CI: 1.08, 1.29). Neighborhood SES was no longer associated with incidence of combined or individual cancers in models adjusting for race/ethnicity and pregnancy-related risk factors (models 3B and 4B) or in models further adjusting for maternal education (model 5B). Among cancers in which the SES association was altered by covariate control (combined, ALL, lymphomas, CNS tumors), adjustment for race/ethnicity reduced the estimated association between neighborhood SES and cancer incidence by >10% for combined childhood cancers (39%), ALL (18%), and CNS tumors (49%); adjustment for maternal age reduced the association by >10% for combined childhood cancers (14%), ALL (15%), and lymphomas (12%); and adjustment for birth weight reduced the association for ALL by 10% (Web Table 3 ). As illustrated in Table 5 , associations between established demographic and pregnancy-related risk factors and combined childhood cancer incidence were not considerably altered by adjustment for maternal education and neighborhood SES. Associations for individual types of childhood cancer are provided in the supplemental materials (Web Table 4 ).
DISCUSSION
To our knowledge, this is the first study to employ multilevel methods to examine associations between SES and childhood cancer incidence. We tested associations in a population-based sample using a registry-based case-cohort study design, thus minimizing multiple potential sources of bias. Through our analysis, we generated several findings. First, we found that higher SES at both levels (maternal education and census tract composite index) was consistently positively associated with incidence of many childhood cancers in crude models. Second, these positive associations were accounted for by established demographic and pregnancy-related risk factors. Third, associations between established risk factors and childhood cancer incidence were robust to adjustment for SES. Fourth, higher individual-level SES was associated with lower incidence of hepatoblastoma, even after comprehensive control of other risk factors.
Higher SES, whether operationalized as maternal education at the individual-level or as an area-level index, was associated with higher risk of the most common childhood cancers (combined, ALL, lymphomas, and CNS tumors), with a similar pattern emerging for both SES measures. However, associations between higher SES and incidence of combined or specific childhood cancers were markedly weakened after accounting for established demographic and pregnancy-related risk factors. This suggests that crude associations of SES at either level primarily capture established risk factors not specified in the model. In particular, non-Hispanic white race/ethnicity accounted for a substantial portion of positive associations of higher SES, especially for combined childhood cancers, CNS tumors, and Wilms tumor. Older maternal age and higher birth weight also explained some of the positive SES association, although to varying degrees across cancer types.
Investigation of associations between established risk factors, such as race/ethnicity and birth weight, and childhood cancer incidence revealed that these associations were robust to adjustment for SES, further suggesting that SES is not strongly associated with incidence of most childhood cancers beyond the social patterning of known exposures. Therefore, adjustment for proximal demographic and pregnancy-related risk factors is likely sufficient in analyses of childhood cancer etiology. This is reassuring, especially given the lack of socioeconomic data in medical records and cancer registries (46) . However, it remains important to note that SES is a common prior cause of some of these more proximal risk factors including birth weight and maternal age.
We did identify an inverse association between higher maternal education and hepatoblastoma incidence that was independent of established risk factors. Although little is known about the etiology of hepatoblastoma, some studies have identified parental tobacco use as a potential risk factor (47) , which may explain a social patterning of incidence. Due to insufficient smoking data in our study, we look to future studies to explore this potential mechanism. We note that a similarly designed study using pooled data from 5 US state registries found no evidence of an inverse association between higher maternal education and risk of hepatic tumors (13) . Therefore, additional research is needed to replicate our finding and to explore potential effect modifiers that may explain cross-place differences.
Limitations
This study has several limitations. First, there are limitations to our SES measures. Because the measures were limited to a single exposure window at birth, although this is a common approach for operationalizing childhood SES, we cannot draw conclusions about SES later in childhood. Yet neighborhood SES at birth was strongly correlated with SES at diagnosis among cases (Pearson ρ = 0.72), suggesting temporal stability, which has been reported previously (48, 49) . Beside education, we could not account for other dimensions of individual-level SES, such as household income or occupation, in our primary analysis. In a secondary analysis of combined childhood cancers, we assessed paternal involvement, based on paternal information present versus missing on the birth certificate, as an alternative measure of SES (13, 50, 51) , and this produced similar patterns of association as those with our measure of maternal education (Web Table 5 ). We also did not consider area-level factors such as racial segregation or geographic variation in our primary analysis. We did conduct a secondary analysis of combined childhood cancers stratified by rural/urban status, which revealed comparable SES associations by rural/urban status (Web Table 6 ).
Further, the use of a composite index to operationalize neighborhood SES may mask any differential effects of the various dimensions of SES included in the index and may violate the consistency assumption (52) . We note that the 5 index variables were strongly correlated (Web Table 7) , and we performed a sensitivity analysis testing associations between each of the 5 neighborhood SES variables and combined childhood cancer incidence, which revealed comparable associations across measures (Web Table 8 ). We also note that linear interpolation of intercensal years may introduce measurement error, especially for years at the midpoint between censuses (53). We performed a sensitivity analysis comparing associations between combined childhood cancer incidence and interpolated versus noninterpolated (assigned based on census closest to birth year) measures of neighborhood SES among our entire sample, as well as among a subset of our sample restricted to births occurring within 2 years of a census (n = 10,762). Estimates were comparable across measures and samples (Web Table 9 ).
Another study limitation is the potential for bias resulting from conditioning on intermediates (54), such as birth weight and gestational age in models 4 and 5. To address this, we compared estimates across several models of increasing covariate control. Our study was also limited by sample size due to the rarity of childhood cancers. This prevented us from testing more homogeneous cancer subgroups or stratifying by age in primary analyses. We assessed subtypes of lymphomas (Web Table 10 ) and CNS tumors (Web Table 11 ) in a secondary analysis, which revealed some variability in SES associations across subgroups. We also performed a secondary analysis of combined childhood cancer incidence stratified by age at diagnosis, which demonstrated similar neighborhood SES associations across age groups (Web Table 12 ). This somewhat mitigates concern that neighborhood SES may be better measured for children diagnosed at younger ages, given that neighborhood SES is derived from the address at birth. The positive crude association between maternal education and combined childhood cancer incidence diminished with increasing age, although adjusted maternal education associations were comparable across age groups.
Given the high proportion of non-Hispanic whites in our sample (81%), we were unable to stratify by race/ethnicity in our primary analysis, and results may be less generalizable to more racially diverse populations. We did conduct a secondary analysis stratified by race/ethnicity for combined childhood cancers, which indicated that positive SES associations may be driven by non-Hispanic white children (Web Table 13 ); however, analyses were underpowered for racial minority groups. Prior ecological studies have reported differential associations between SES and childhood cancer incidence across racial/ethnic groups (7, 55) , and thus future studies should continue to explore race/ethnicity as a potential effect modifier.
Finally, there is the potential for disease misclassification bias if children born in Minnesota subsequently moved out of state and developed cancer. However, given the rarity of childhood cancers and low out-migration rate among Minnesota youth (56), this is not a major threat to validity. There is also the potential for selection bias if cases without a matching birth record were in fact born in Minnesota, and thus part of the source cohort. This may have occurred because of inconsistent (e.g., name changes) or missing data. We found that unmatched cases resided in lower-SES neighborhoods at the time of diagnosis than did matched cases, which may reflect differences in data quality according to SES (33) . However, it may also reflect higher residential mobility among lower-SES cases (48) , and thus a higher in-migration rate to Minnesota during childhood. Our 86% record-linkage rate is comparable to prior registry-based studies of childhood cancer (57-59).
Conclusion
Results from this study suggest that SES is not strongly associated with childhood cancer incidence beyond the social patterning of established demographic and pregnancy-related risk factors such as race/ethnicity, maternal age, and birth weight. It is reassuring that these socially patterned risk factors of childhood cancer incidence are already known and well-described in the literature. However, given that these exposures account for only a small portion of the total disease burden (4), more work is needed to better understand childhood cancer etiology. Unfortunately, while it is important to continue monitoring socioeconomic differences in risk to ensure health equity, our findings suggest that continued investigation of SES associations may not generate new etiological insight into childhood cancer incidence, at least for the more common cancers.
